Abstract.
At On 22 September Earth-based observers (I) recorded that a bright yellow cloud had developed over Noachis, in the midsouthern latitudes of Mars. It spread rapidly over the rest of the planet, and in a little more than 2 weeks the entire visible globe was covered by dust; even the south polar cap had disappeared from view of telescopes. By the fifth week the dust storm had reached its peak, exceeding all previously observed Martian storms in obscuration, area1 extent, and duration.
Over the next several weeks the atmosphere of Mars showed a gradual clearing, and the south polar cap reappeared. Upon is arrival Mariner 9 found the obscuration still severe.
As Mars rotated in the view of the approaching spacecraft, three preorbital science (POS) sequences of photographs were taken, giving total global coverage of the dust-shrouded planet. Only five distinct features could be seen-the south polar cap and four dark spots (Fig. 1) . One of these has been identified as Nix Olympica, and the other three (provisionally labeled North, Middle, and South Spots) have been identified with a group of features that 
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Narrow-angle camera
either side of the edge results from light scattering in the dust above the polar area. Fig. 3 (right) . Photographs of the limb of Mars taken on Rev 16. The view on the left (JPL 4024-13) was taken with the wide-angle camera and a violet filter; that on the right (JPL 4024-10) was taken with the narrow-angle camera and a yellow filter. Note the detached layer of haze about 1.5 km above the apparent limb of the planet. The limb region is located at 20"s latitude and 102"W longitude. Fig. 11 ). The peak-to-peak amplitude of this noise is typically a few tenths of 1 percent, but it is easily visible because it has been amplified some tens of times.
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2) Reseau fiducial marks on the vidicon are about three samples across and are almost black. When a rsseau falls within the range of a running mean, it lowers the mean by about 2 percent. When this lowered mean is subtracted from a sample near the reseau, the sample appears to be about 2 percent brighter than the mean. Thus, on filtered pictures, each reseau is flanked by two bright lines (of combined length equal to the length of the running In most prints these bright lines are almost at the white level (for example, see Fig. 11 ). 3) Both wide-and narrow-angle pictures show small circular blemishes, about 40 samples in diameter, which are the penumbral shadows of small dust specks on the vidicon faceplates. The contrast of the most prominent shadow is 5 percent in the wide-angle camera and 0.5 percent in the narrowangle camera. These shadows are invisible on the raw pictures.
(In filtered wide-angle pictures, such as Figs. 11 and 12e, they sometimes appear black,) 4) A prominent feature of many pictures is a residual image of an earlier limb picture (see Fig. 12~ ). This residual is about 10 percent in brightness in the first picture after the limb frame and decays slowly: it is about 5 percent on the next frame, 3 percent on the next, and so on (continuing greater than 1 percent for many frames).
For example, the wide-angle pictures from Rev 2 showed prominent limb residuals from the last preorbital sequence. These residuals have about 1 percent peak contrast.
In many processed photographs these artifacts-the streaks about the reseaus, the shadows of the dust specks, the limb residuals, or even the vertical noise-are more prominent than the images of real features on Mars. which shows that the contrast in the scene is less than that of the artifacts. Features of such low contrast would be invisible by telescope or on conventional photographs of Mars. darkening of the planet is evident in preorbital data. If we assume that the limb darkening can be described by a Minnaert function (5, 6). the darkening parameter k is uniquely related to the position on the disk of maximum brightness, if it is assumed that the view is orthographic (constant phase angle over the disk). This assumption is not quite met, but the angle subtended by the planet is less than 3" in the pictures taken with the wide-angle camera just before orbit insertion.
These pictures cover the full range of color filters in quick succession, the maximum value of k occurs on the terminator side of the subsolar point for orange, yellow, and green light, and on the limb side for blue and violet. The corresponding values of k progress regularly from 1.12 to 0.93 with decreasing wavelength, for an assumed mean phase angle of 58". The differences from a Lambertian surface (k = 1.00) are small but significant; the limb is clearly bluer than the center of the disk.
Since the surface features are generally hidden by the dust storm. the quasi-Lambertian limb darkening is not surprising, although data from Mariner 4 (5) indicate much lower values of k (0.7 to 0.8). Lambertian surfaces can be approximated in the laboratory by powdered materials of low refractive index that produce high-order multiple scattering.
Thus, the present values of k near unity are consonant with an optically thick scattering atmosphere. Unlike the isophotes of a quasi-lambertian sphere, which are ellipses centered on the subsolar point, the Martian isophotes are elongated toward the polesconsistent with a significant contribution from single scattering.
Because the single scattering is nonconservative, it represents an important fraction of the net albedo from multiple scattering. The weak absorption in the scattering is consistent with the scattering material being dust raised from the surface.
Visibility of slirfme features. The most prominent features in the POS pictures are the south polar cap and the four dark spots. The dark appearance of these spots is particularly striking, as they are usually observed to be at least as bright as their surroundings. However, a dark feature of relatively high contrast, which may have been South Spot, was reported during the 1924 dust storm (7), and other temporary dark spots have been noted when the surface of Mars has been obscured by dust (Fig. la) . The maximum contrast (8) of the spots was 20 percent for Nix Olympica and 10 percent for South Spot, from Mariner 9. The contrast of the three aligned spots decreased as they rotated toward the early afternoon limb, but Nix Olympica lost contrast toward the limb on only one of the two POS sequences. This behavior suggests that the extinction optical depth T (9) above fhe three aligned spots was about 1, but it may have been significantly less over Nix Olympica.
Because the south polar cap showed the highest contrast of any surface feature, and because it was observed frequently, it was a useful target for measuring variations in atmospheric extinction.
It does not exhibit diurnal brightening as the spots sometimes do. Figure 2 shows typical profiles of relative brightness across the edge of the cap, from narrow-angle frames. The shape of these profiles-a sharp jump in brightness with gradually decreasing variations on each side of the jumpmay be due to a sharp-edged cap that appears somewhat diffuse because of atmospheric scattering of the radiation reflected from both sides of the surface albedo boundary (10). An alternative interpretation of the features of these brightness profiles, in terms of gradual variations in the intrinsic surface albedo on both sides of the cap edge, seems less likely. With the model of a sharpedged cap, we derive a contrast of 14 percent at the cap edge on Rev 11. The normal contrast of the cap edge in yellow light is about 90 percent (II). The contrast reduction of the Rev 11 narrow-angle picture suggests that T was about 1, reduced to the zenith, over the cap at that time. The contrast of the cap showed little variation during the first 2 weeks of the mission but began to increase during the third week. By Rev 34 a narrow-angle picture showed significantly more contrast than the Rev 11 frame, and continued contrast increases have been observed on later revolutions.
Evidently, T decreased significantly during this time. Nix Olympica, the three spots, and the south polar cap were the clearest regions on the planet; other albedo features of large size also were faintly visible, mainly in the southern hemisphere. However, the disappearance of almost all of the classical albedo features and of many craters suggests that T was 2 or more over most of the planet.
Craters, appearing as features of high albedo, can be seen in many pictures taken at high angles of the sun. In general, craters and other albedo features were observed better in orange light than in violet. Some relatively low areas also appear bright, for example, the long, bright streaks in the regions of Ophir and Eos (Fig.  12) .
Except in Nix Olympica and the dark spots, surface relief (in contrast to albedo variations)
could not be seen during the first 2 weeks. This can be attributed in part to very strong diffusion of solar radiation by the haze, so that surface illumination was nearly isotropic. During the third week, surface relief could be seen more readily, especially near the south polar cap. This observation supports our conclusion from the contrast data for the polar cap that the optical thickness of the haze was diminishing during this period. Structure of the limb. Figure 3 shows typical limb structure in overlapping narrowand wide-angle frames. The features shown-a gradual decline in brightness at the limb, a well-defined gap, and a thin elevated layer of haze -were observed in most frames of the apparent limb, with typical scales of 10 km for the region of brightness decline Fig. 9 . Mariner 9 photographs displaying the gradual disappearance of the residual polar cap. At the top are two Mariner 9 wide-angle pictures of the polar cap acquired about 9 days apart on Revs 11 (left) and 29 (right). These two images have been rectified to a polar stereographic projection.
The relative distortion between the two projections is due to uncertainties in the preliminary pointing data. The cap is approximately 450 km in diameter in the earlier image. The white arrows indicate common areas that have suffered signilicant defrosting over the Y-day perlod. A residual image of the cap can be seen to its right in the left-hand picture. At the bottom are two Mariner 9 narrow-angle frames from Revs 11 (left) and 34 (right); these show changes in the cap over 11V'z days. The area of the narrowangle frames is indicated by black arrows in wide-angle frames. Since certain fine details can be seen in both images, the difference in the appearance is real and not solely the result of varying obscuration. Detailed patterns parallel to the main frost-free corridor are emerging in the later version. Fig. 4 . In addition, four narrow-angle frames showing limb structure were taken south of 65"s. The detached layer shown in Fig. 3 is brighter in the violet wide-angle frame than in the yellow narrow-angle frame, in contrast to the region of brightness decline, which is distinctly brighter in the yellow frame.
A photometric four-color sequence including the limb near the south polar cap showed that the planet and the regions of brightness decline were about as red as the normal Mars, which, together with the scale of 10 km, suggests that the lower scatterers are dust particles.
The elevated haze was white or slightly blue and is evidently composed of different particles, possibly condensates.
Elevated thin layers of haze were also visible at, or just beyond, the terminator on the limb (Fig. 5) .
Atmospheric waves. Figure 6 shows apparent atmospheric wave structure near the terminator just east of Elysium. Several large wave trains have been seen on the terminator in pictures through Rev 50. Typical wavelengths are 40 km. These features are plotted in Fig. 4 . Waves were observed in one wide-angle frame taken with a blue fXter; in all other cases they were seen in violet light. None was apparent in orange frames, even when the overlapping violet frames showed waves in the same region on successive days. The brightness variation across a given wave and the increasing contrast near the terminator (Fig. 6 ) suggest relief variations in an atmospheric scattering layer, . A concentrically fractured zone extends about one crater radius out from the crater edge; the surface beyond has a complex subradial texture. Several rimless craters in the smooth zone appear to be aligned along the arcuate fractures. Troughs composed of numerous coalescing craterlets and grooves extend to the north-northeast and south-southwest of the main crater. Small rimmed craters to the west may be impact craters unrelated to the regional structure. (d) South Spot viewed on Rev 32, 48 hours after the previous view (IPL roll 882, 033019 and 033901). The differences are due to real changes in the dust cloud or in the lighting and view paths through the dust. The disappearance of the radial facies on the northwestern rim suggests that other apparently smooth areas, such as the crater floor, actually may be concealed by atmospheric dust. but the waves also could be made visible by variations in the optical properties of the scattering la!,er. Their visibility in violet but not in orange. together with the crisp detail. suggests that these waves are not seen in the to? of the main atmospheric dust layer but most likely occur in a higher, bluer layer, possibly of condensates. The occurrence of thin, bright clouds near the terminator (Fig. 5 ) supports this interpretation.
The preferred orientation of the wave crests. parallel to the terminator, is apparently real. Shorter waves (5 km long) were ohserved in a few narrow-angle framej (yellow filter). mainly near the terminator.
Some features suggestive of waves were also observed in POS narrow-angle frames. The curvilinear streaks that extend nearly 1000 km southwest from South Spot were seen only at low angles of the sun (see Fig.  1, b-d) .
During a 90-minute period in POS 3 these features exhibited large changes.
They may be atmospheric waves in the upper part of the dust layer, controlled by the elevated topography kno,vn from Earth-based radar (12) to lie to the east. The wave structure seen in the }ellow frames i; evidence for some vertical structure in the dust, at least locally.
Interpretations. Fig. 8B ), suggests that the positive relief may have defrosted there more rapidly than in adjacent areas. If this is true, the curvilinear streaks are most likely a complex of ridges in low relief. However, shallow scarps or troughs cannot be excluded by the available data.
The two wide-angle frames in Fig.  9 illustrate part of the significant disappearance of frost that occurred between Revs 11 and 44 (an interval of 16% days). Two high-resolution views in the figure show details of the disappearance over 11% days. As only a few centimeters of solid CO, could possibly sublime in this time, a very thin deposit covering a surface of extremely low relief is indicated in the areas that are clearing.
It is still possible that thicker deposits exist elsewhere in the residual cap. The high-resolution frame acquired on Rev 34 suggests topograph- 
Geology. The atmosphere has been clear enough for geologic study of only a few areas, principally those indicated by radar and occultation data to be at high elevations, or those at far southern latitudes.
Perhaps the most significant pictures were taken in three of the four dark spots viewed in the preinsertion sequence. Nix Olympica, North Spot, and South Spot were photographed with narrow-angle frame tezrads; each contained a crater or a crater complex. Fig. 12b; Fig. 4, point F) Fig. 15b . Phobos is estimated to be 25 & 5 km long (e'ast to west) and 21 + 1 km wide (north to south); Deimos is 13.5 +-2 km long and 12.0 i 0.5 km wide. The nominal values are based upon the correction appropriate for a spherical object viewed at the observed phase angle. The larger limits of error for the length measurements reflect the uncertainty in allowing for the unilluminated portions of the body. Combining the above dimensions with Kuiper's visual estimates from the earth of the magnitudes of the satellites (6), we infer a geometric albedo of 0.05 for both satellites, with a formal uncertainty of about 25 percent. Such a low albedo puts these two satellites among the darkest objects in the solar system, equivalent to the darkest parts of the lunar maria.
The picture of Deimos (Fig. 14) reveals two clear craterlike depressions near the terminator and a third dusky spot, which may be a crater. The craters are about 1.4 km in diameter, and their topography can be inferred from the patterns of brightness near and in the craters. Figure 16 shows a brightness profile through each crater in the direction from the limb to the terminator.
The ordinate is a monotonic function of brightness but is not necessarily a linear function, since the pictures have not been photometrically decalibrated.
To partially cancel the falloff of light toward the terminator, the data were normalized to the values on a parallel line across the smooth surface between the two craters. The shadowed, depressed
interior for each crater is shown, and each crater is seen to have a bright outer rim on the terminator side. The presence of an outer rim is consistent with an impact origin for the craters. In the negligible gravity field of the satellites, little of the fragmental ejecta would settle near the crater, so that the rims correspond to the raised bedrock rims of terrestrial craters. These rims indicate some degree of plastic response.
A more brittle response, which could depend upon the velocity of impact as well as the material of the satellite, would cause spalling of the outer shells of the satellite over a broad zone around the crater, around the antipodal point, and possibly even over the entire surface (21) . While extensive spalling is not evident.
some of the angular irregularities may have originated through such a process.
Many craters also appear on the pictures of Phobos. Particularly striking is the 5.3-km crater near the bottom (south pole) in Fig. 15a and near the center in Fig. 15b . The impact that produced this crater is close to the largest impact Phobos could have sustained without fracture and disruption.
Preliminary measurements indicate that the crater density on the two satellites is within about a factor of 3 of that corresponding to a surface saturated with craters.
On the surface of ,Mars itself, the density of craters of similar size is roughly two orders of magnitude less. Thus. Phobos and Deimos serve as "control surfaces" for Mars and indicate that substantial erosive processes have acted to remove
